Greaney JL, Alexander LM, Kenney WL. Sympathetic control of reflex cutaneous vasoconstriction in human aging. J Appl Physiol 119: [771][772][773][774][775][776][777][778][779][780][781][782] 2015. First published August 13, 2015; doi:10.1152/japplphysiol.00527.2015.-This Synthesis highlights a series of recent studies that has systematically interrogated age-related deficits in cold-induced skin vasoconstriction. In response to cold stress, a reflex increase in sympathetic nervous system activity mediates reductions in skin blood flow. Reflex vasoconstriction during cold exposure is markedly impaired in aged skin, contributing to the relative inability of healthy older adults to maintain core temperature during mild cold stress in the absence of appropriate behavioral thermoregulation. This compromised reflex cutaneous vasoconstriction in healthy aging can occur as a result of functional deficits at multiple points along the efferent sympathetic reflex axis, including blunted sympathetic outflow directed to the skin vasculature, reduced presynaptic neurotransmitter synthesis and/or release, and altered end-organ responsiveness at several loci, in addition to potential alterations in afferent thermoreceptor function. Arguments have been made that the relative inability of aged skin to appropriately constrict is due to the aging cutaneous arterioles themselves, whereas other data point to the neural circuitry controlling those vessels. The argument presented herein provides strong evidence for impaired efferent sympathetic control of the peripheral cutaneous vasculature during whole body cold exposure as the primary mechanism responsible for attenuated vasoconstriction. cold stress; hypothermia; skin blood flow; autonomic control THE PHYSIOLOGICAL RESPONSES to whole body cold exposure are complex and require the integration of reflex neural signals leading to and originating from the central nervous system, local neurovascular control mechanisms, and appropriate end-organ responsiveness to sympathetic stimuli to protect against convective heat loss in cold environments. The sympathetic nervous system mediates the initial thermoregulatory response to cold exposure-peripheral cutaneous vasoconstriction (52, 62)-to maintain body core temperature and prevent hypothermia.
THE PHYSIOLOGICAL RESPONSES to whole body cold exposure are complex and require the integration of reflex neural signals leading to and originating from the central nervous system, local neurovascular control mechanisms, and appropriate end-organ responsiveness to sympathetic stimuli to protect against convective heat loss in cold environments. The sympathetic nervous system mediates the initial thermoregulatory response to cold exposure-peripheral cutaneous vasoconstriction (52, 62) -to maintain body core temperature and prevent hypothermia.
The cutaneous vasoconstrictor response to cold exposure is markedly impaired in healthy older adults (33, 53, 92, 133, 149) , and even during mild cold stress (e.g., ambient temperature ϭ 22°C), older adults exhibit a relative inability to defend body core temperature in the absence of appropriate behavioral thermoregulation or metabolic heat production via shivering (33) . Impaired reflex cutaneous vasoconstriction in older adults is apparent even when accounting and controlling for agerelated differences in body composition and behavioral thermoregulation that may influence cutaneous vasoconstrictor responsiveness (32, 33) . This attenuated reduction in skin blood flow during cooling in older adults leads to excessive heat loss that, if sustained in duration, could result in hypothermia (26, 33, 83, 149) . In the United States, exposure to environmental cold is responsible for approximately twice the number of deaths per year than those attributed directly to hyperthermia (e.g., heat stroke) (9) , with adults older than 65 years accounting for more than half of all hypothermia-related deaths each year (29, 102) . Thus older adults, even in the absence of overt vascular disease or other clinical conditions affecting skin blood flow, are the most susceptible subset of the population to environmental cold exposure. Because the global population of aged individuals is rapidly growing (151a) , an increasingly larger subset of the population will be vulnerable to the risks imposed by temperature extremes, which continue to increase in both frequency and severity (47, 101) .
The risk factors contributing to morbidity and mortality from environmental cold exposure are undoubtedly multifaceted and include nonphysiological factors such as drug intoxication, altered mental status, social isolation, and socioeconomic status (37a, 78, 102) . However, regardless of the cause of prolonged exposure to cold, it is the pronounced age-related impairment in systemic cutaneous vasoconstriction that ultimately determines the resultant physiological and pathological sequelae contributing to increased morbidity and mortality risk in the aged. Therefore, research aimed at elucidating the mechanisms underlying aberrant regulation of the cutaneous circulation during cold exposure in older adults is clinically relevant.
The influence of primary human aging on the various mechanisms mediating reflex cutaneous vasoconstriction has previously been reviewed (22, 71, 72, 84) . So why is there a need for this "Synthesis" review? Experimental paradigms to date have focused on distinct individual neural, neurotransmitter, receptor, vascular smooth muscle, or endothelial mechanisms. Multiple sites of age-related alterations have been identified, yet a thorough higher-level analysis of the entire integrated response to cold stress has not been carried out. Do older men and women not appropriately decrease skin blood flow in the cold due to faulty "wiring" (neural) or aged "plumbing" (vascular)? As such, the purpose of this brief Synthesis is to update the literature with mechanistic data from recent studies that have systematically interrogated age-related alterations in sympathetic control of the peripheral cutaneous vasculature during whole body cold exposure. Specifically, we highlight a series of studies suggesting that changes in the neural circuitry responsible for sensing, integrating, and effecting thermoregulatory vasomotor function are responsible for the impaired cutaneous vasoconstrictor response to cold stress in aging. These alterations in "wiring" are distinct from, and supersede, downstream "plumbing" impairments resulting from age-related vascular dysfunction. We have attempted to provide a succinct, yet comprehensive, current interpretation of this area of ongoing research. However, because of space constraints, we have cited a number of reviews in an attempt to direct the reader to additional research in this field.
THERMOREGULATORY CONTROL OF SKIN BLOOD FLOW
Reflex cutaneous vasoconstriction. The cutaneous circulation is critical for human thermoregulation. In thermoneutral environments, skin blood flow, assessed via venous occlusion plethysmography, typically approximates 30 ml·min
Ϫ1

·100 g
Ϫ1 of skin (121, 123) . This circulation is overperfused relative to its metabolic rate; however, this is beneficial for thermoregulatory function because major reductions in cutaneous blood flow, such as occur with the vasoconstrictor response to skin surface cooling (reductions of ϳ3-4°C from a thermoneutral skin temperature of ϳ33-34°C), do not threaten the skin with ischemia until the stimulus, and the response, are extreme. The human cutaneous vasculature is innervated by the autonomic nervous system (120) , and it is sympathetic adrenergic nerve fibers that mediate cutaneous blood vessel tone during normothermia (core temperature ϳ37°C and skin temperature ϳ33-34°C), as well the vasoconstriction that occurs in response to cold exposure (77) . Surgical sympathectomy (55, 57) or experimental blockade of neurotransmitter release from adrenergic nerve terminals (82, 149) abolished the cutaneous vasoconstrictor response to whole body cooling, clearly demonstrating the critical role of the sympathetic nervous system for an appropriate vascular response.
The sympathetic thermoregulatory reflexes responsible for maintaining body core temperature during cold exposure are activated when mean skin temperature decreases below a thermoneutral temperature (ϳ34°C). Such decreases in mean skin temperature are sensed by peripheral thermosensors in the skin, and this information is integrated with afferent sensory input from cold-sensitive neurons in the anterior hypothalamicpreoptic area (13, 55) , ultimately eliciting peripheral cutaneous vasoconstriction (see Fig. 1 ). During skin surface cooling to ϳ29.5-30°C (33), skin blood flow decreases to a physiological minimum, after which further cooling will not induce additional vasoconstriction (121) . This reflex cutaneous vasoconstriction is graded in accordance with stimulus intensity (i.e., decreased whole body mean skin temperature) (72) , and during severe cold stress, skin blood flow can approach zero (77, 121) .
Generally, relatively small changes in sympathetic vasoconstrictor activity drive the decreases in skin blood flow necessary to maintain body core temperature, and it is only during extreme or prolonged cold exposure that shivering and nonshivering thermogenesis and the resultant increases in metabolic heat production become important for thermoregulation (16, 23, 69, 76, 123) . Although decreases in skin temperature can also occur in response to decreases in internal temperature, core cooling in the absence of skin cooling is typically only observed during specialized medical procedures (20, 89, 151) .
Central and peripheral sympathetic organization and pathways. A brief overview of neural organization is necessary for the understanding of the reflex sympathetic responses to cold exposure (summarized in Fig. 1 through the dorsal horn. Centrally, the preoptic area, located in the rostral pole of the hypothalamus, is thought to be critical for thermoregulation, because it receives and integrates afferent sensory input from thermosensitive neurons in the periphery and the spinal cord (106, 143) . Specifically, the median preoptic nucleus appears to be a major preoptic area site that receives afferent cutaneous cool-sensitive inputs (107) . Descending signal pathways from the preoptic area regulate the activity of neurons in sympathoexcitatory areas fundamental to the efferent thermoregulatory responses. The sympathetic premotor neurons controlling thermoregulatory vasomotor function are located in the rostral medullary raphe region and, to a lesser extent, in the rostroventrolateral medulla (100, 106, 143, 144) . These premotor neurons convey impulses from the brain stem to the spinal cord and make synaptic contacts with sympathetic preganglionic neurons. The cell bodies of preganglionic sympathetic neurons are located in the intermediolateral column of all thoracic and the two upper lumbar segments of the spinal cord. Preganglionic neurons are cholinergic, thinly myelinated, and conduct at velocities up to 15 m/s. They exit the spinal cord in the ventral roots and white rami to synapse in ipsilateral paravertebral ganglia in the sympathetic chain or bilaterally in prevertebral ganglia, typically located near large blood vessels (30) . Stimulation of preganglionic neurons results in activation of postganglionic neurons and subsequent end-organ responses.
Postganglionic neurons are primarily adrenergic, unmyelinated, and conduct at velocities ranging between 0.5 and 1.0 m/s. They innervate target organs, including the heart and the vasculature; most fibers project via gray rami and peripheral nerves to the effectors in the periphery (30) . In humans, postganglionic sympathetic vascular nerves generally cause vasoconstriction. Upon discharge or "firing" of sympathetic nerves, norepinephrine (NE; the primary neurotransmitter) is released from sympathetic varicosities, diffuses and binds to postjunctional ␣-adrenergic receptors, and evokes vascular smooth muscle contraction and thus vasoconstriction (114) . In addition to NE, sympathetic neurons also release cotransmitters, including neuropeptide Y (NPY) and adenosine triphosphate (ATP), that contribute to the full vasoconstrictor response (77) . During cooling, parallel signaling pathways within the vascular smooth muscle cells themselves, including RhoA/Rho-kinase (ROCK) and angiotensin II, also contribute to cutaneous vasoconstriction (94, 95) .
Methods of measuring sympathetic control of the cutaneous vasculature. Given the relative lack of an appropriate animal model in which to study thermoregulatory control of skin blood flow, the vast majority of the research to date has been performed in humans. Reflex cutaneous vasoconstriction can be experimentally examined by measuring whole body coolinginduced decreases in skin blood flow at a site where local skin temperature has been artificially maintained at thermoneutrality (34°C). The cutaneous vasoconstriction that occurs at those local sites is solely attributed to sympathetic reflex mechanisms, because any potential confounding effects of localized decreases in skin temperature (i.e., locally mediated vasoconstriction) are experimentally eliminated. Cutaneous vasoconstriction is commonly assessed with laser Doppler flowmetry, which is used to measure dynamic changes in laser Doppler flux over a small area of skin in response to vasoreactive stimuli (73, 77) . To examine the specific mechanisms mediating cutaneous vasoconstriction, intradermal microdialysis is commonly used. This minimally invasive technique permits the bidirectional exchange of small molecular weight substances through a porous cellulose membrane, which permits continuous drug delivery to a small localized area of skin while simultaneously obtaining a measurement of skin blood flow via laser Doppler flowmetry. Thus laser Doppler flowmetry can be coupled with intradermal microdialysis to pharmacologically probe the signaling pathways and molecular mediators of cutaneous microvascular function contributing to vascular smooth muscle contraction during whole body cooling (77, 138) .
The technique of microneurography, originally developed by Hagbarth and Vallbo (65), allows for the direct recording of efferent sympathetic outflow from peripheral nerve fibers (34) . Multiunit postganglionic sympathetic nerve activity occurs as bursts of impulses separated by silent periods of varying duration; the bursts occur in different temporal patterns and in responses to differing stimuli/maneuvers in skin and muscle nerve fascicles (34, 35) , allowing for the reliable identification of skin (SSNA) and muscle sympathetic nerve activity (MSNA). SSNA bursts may contain vasoconstrictor, vasodilator, sudomotor, and/or pilomotor impulses; during whole body cooling, SSNA is predominantly adrenergic vasoconstrictor in origin (11) . In addition to thermoregulatory challenges, SSNA is also highly responsive to arousal stimuli and psychological stress (24) . Given the methodological challenges associated with the analysis and interpretation of SSNA, including the lack of cardiac rhythmicity, the irregular shape and bursting pattern, and the potential for multiple different types of impulses to be contained within a single burst of activity, relatively few studies have examined efferent SSNA during cold stress in older adults.
Deficient skin vasoconstriction in aging. With primary human aging, reflex cutaneous vasoconstriction in response to cooling is impaired. On average, the reduction in skin blood flow during whole body cooling is attenuated by ϳ50% in healthy aged humans (60 -90 years) compared with young healthy adults (71) (Fig. 2 ). This deficit has been documented and characterized in detail in a multitude of thermoregulatory studies employing various experimental paradigms to induce cold stress and measure skin blood flow (33, 53, 59, 71, 83, 85, 92-95, 107a, 118, 133, 149) . Cumulatively, these studies demonstrate that reflex cutaneous vasoconstriction is markedly impaired in aged skin and suggest that pronounced cutaneous vasomotor dysfunction is widespread in older populations.
Compromised thermoregulatory vasoconstriction in aged skin is likely due to functional impairments at multiple points along the efferent neural reflex axis, including alterations in sympathetic outflow, axonal biosynthesis, release of NE, and cotransmitter function, as well as functional mechanistic impairments within the vasculature itself ( Table 1 ). The next sections of this Synthesis discuss putative sites within the neural reflex pathway and within the cutaneous vessels at which age-related changes occur.
POTENTIAL LOCI FOR DEFICIENT SKIN VASOCONSTRICTION IN AGING
Efferent skin sympathetic outflow. During whole body cooling, decreases in mean skin temperature to 30.5°C resulted in a robust increase in efferent skin sympathetic nerve activity (SSNA) in young adults (28, 58, 59, 124) (Fig. 3 ). These increases in SSNA during cooling were closely correlated with reductions in skin blood flow (59) , confirming that it is primarily an adrenergic vasoconstrictor neural stimulus during cold stress that evokes reflex peripheral vasoconstriction in young skin (11) . However, as shown in Fig. 3 , the SSNA response to whole body cooling was substantially reduced in healthy older adults (Ͼϳ60 yr) (58, 59) . This diminished efferent sympathetic outflow directed to the skin contributes substantially to the age-related attenuation in reflex cutaneous vasoconstriction and the resultant relative inability of older adults to adequately reduce skin blood flow during whole body cold exposure (59) .
To further examine potential age-related alterations in the central ability to elicit skin sympathetic outflow, Greaney et al. (59) additionally assessed SSNA during the nonthermoregulatory stimulus of mental stress at both thermoneutrality and also during whole body cooling. Aged adults exhibited robust increases in SSNA during mental stress superimposed on whole body cooling (59) . These data suggest that a central inability to elicit further increases in SSNA does not explain the lack of an increase in skin sympathetic outflow during cooling in healthy aging. Age-related deficits in efferent SSNA during whole body cooling are instead likely the result of alterations in either afferent signaling from cutaneous thermoreceptors or central integration of converging afferent signals or both. It is important to note that the lack of increase in efferent sympathetic outflow during whole body cooling in older adults appears confined to neural traffic directed to the skin circulation, because the MSNA response to acute cold stress was augmented in older adults, likely contributing to altered blood pressure regulation (61) . These differential findings regarding sympathetic outflow during cold stress in older adults are perhaps not surprising given the functional selectivity and differentiation of sympathetic nerve traffic (24) .
Sympathetic neurotransmitters. As noted above, the vasoconstrictor response to whole body cooling is entirely dependent on sympathetic stimulation of perivascular nerves and the subsequent release of sympathetic transmitters (135, 137, 149) . In young adults, the adrenergic neurotransmitter NE mediates ϳ60% of the vasoconstrictor response during graded whole body cooling, because selective postsynaptic antagonism of both ␣-and ␤-adrenergic receptors in the cutaneous circulation reduced, but did not eliminate, vasoconstriction (82, 135, 136, 149) . Therefore, the remaining ϳ40% of the vasoconstrictor response is mediated by nonadrenergic sympathetic cotransmitters. NPY and ATP, the two most likely nonadrenergic cotransmitters, are produced and coreleased from perivascular nerve endings with NE in multiple vascular beds (14, 17-19, 49, 66, 98) . NPY, which acts postjunctionally through Y 1 receptors, modulates cutaneous blood flow in animal models (67, 105) . A role for NPY in reflex cutaneous vasoconstriction in humans was initially established by Stephens et al. (137) , who demonstrated that intradermal microdialysis administration of BIBP-3226 (an antagonist for the NPY peptide fragment) blunted cold stress-induced cutaneous vasoconstriction. Furthermore, when both NPY and adrenergic inhibition were combined, the cutaneous vasoconstrictor response to cooling was abolished (137) , suggesting that both NPY and NE play critical additive roles in reflex cutaneous vasoconstriction. This notion is strengthened by multiple studies indicating a synergistic effect of NPY on adrenergic receptor function in a number of tissues, including human skin (48, 54, 66, 98, 115, 116, 135, 137, 155) .
In contrast to the aforementioned findings that NPY contributes to reflex vasoconstriction in young skin (137) , in our hands, local administration of BIBP-3226 did not affect any portion of the reflex cutaneous vasoconstrictor response to whole body cooling in young adults (146) , arguing against a functional role for NPY as a sympathetic cotransmitter during cold stress. This observed lack of an effect of NPY blockade during whole body cooling was surprising, especially given the evidence supporting a role for NPY as a neurotransmitter in the cutaneous vasculature. The reason(s) for the apparent differences regarding NPY function in the human cutaneous vasculature is not entirely clear, but may be due to methodological differences between studies, specifically the rate of skin surface cooling, which can influence axonal release of NPY. Higher nerve stimulation frequencies promote NPY release (98, 132, 155) ; therefore, because higher rates of skin cooling elicit greater increases in skin sympathetic outflow (124), the faster cooling rate used by Stephens and colleagues (137) may have yielded greater increases in SSNA sufficient to facilitate the release of the large dense core vesicles that contain NPY. Conversely, the slower rate of cooling used in our laboratory (146) , a cooling rate designed to elicit progressive gradual declines in mean skin temperature without altering core temperature or inducing shivering (71, 149, 157) , may be insufficient to stimulate the release of NPY from adrenergic nerve terminals. Future research aimed at determining the functional importance of NPY as a sympathetic cotransmitter in the cutaneous vasculature during cold exposure is therefore warranted.
ATP is also costored with NE in small vesicles in sympathetic adrenergic nerves (17, 18, 98) and is therefore a plausible sympathetic cotransmitter candidate for reflex cutaneous vasoconstriction. Cold-induced neurogenic vasoconstriction of canine cutaneous veins appears to be mediated primarily via purinergic sympathetic transmission (51) . This cooling-induced reduction in skin blood flow was mediated by the release of ATP from sympathetic nerves and the subsequent stimulation of presynaptic purinergic receptors on sympathetic nerve terminals, facilitating the release of NE and resulting in vasoconstriction (86) . In humans, ATP-induced vasoconstriction in thermoregulatory vascular beds occurs in response to lowfrequency electrical nerve stimulation (14, 115, 117) and lower body negative pressure (142) and is mediated by P 2 X purinergic receptors located on vascular smooth muscle cells. However, given the methodological challenges associated with inhibiting ATP in humans, in addition to the multiple sites of action for ATP on both the endothelium and vascular smooth muscle cells and the potential for ATP to cause either constriction or dilation depending upon the purinergic receptor subtype activated, a role for ATP in the sympathetic control of the cutaneous vasculature during whole body cooling has not yet been determined.
Age-related impairments in the sympathetic control of reflex cutaneous vasoconstriction include alterations in the relative contribution of both adrenergic neurotransmitter-and nonadrenergic cotransmitter-mediated effects (71, 72, 77) . As noted above, in young adults, reflex cutaneous vasoconstriction is mediated by the neural release of both NE and sympathetic cotransmitters (135, 137, 149) . However, in healthy older adults, the cotransmitter-mediated portion of cutaneous vasoconstriction is functionally absent (149) (Fig. 4) ; therefore, older adults instead rely entirely on an impaired adrenergic mechanism to elicit reductions in skin blood flow during cold exposure (83, 149) . The decrements in both NE-and cotransmitter-mediated constriction are due, at least in part, to agerelated reductions in transmitter synthesis and release (27, 42) .
Presynaptic neurotransmitter synthesis and release. NE synthesis in the presynaptic nerve terminal is dependent upon the activity of tyrosine hydroxylase (TH), the rate-limiting enzyme in prejunctional catecholamine biosynthesis that catalyzes the hydroxylation of tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) (81, 88, 103) . The cofactor tetrahydrobiopterin (BH 4 ), which is found throughout neural and vascular tissue, is essential for the functional activity of TH. Additionally, BH 4 is a powerful reductant; it maintains TH in its active ferrous form by reducing the iron moiety of TH, thereby priming TH for catalytic reaction (46, 81, 88, 150, 152) . Consequently, NE biosynthesis requires adequate BH 4 bioavailability. Both de novo synthesis and the recycling pathways for BH 4 production are highly sensitive to oxidation, such that BH 4 bioavailability decreases with increased oxidant stress. Indeed, the induction of oxidant stress in cultured sympathetic neurons decreased BH 4 concentrations by ϳ90%, resulting in a significant reduc- tion in catecholamine synthesis (96) . Primary aging, even in the absence of pathology, is associated with a systemic net increase in reactive oxygen and nitrogen species, as a result of both increased production and decreased clearance (36, 90, 130) , ultimately leading to oxidant damage and attendant pathologies. This pro-oxidant cellular environment depletes intraneuronal BH 4 bioavailability in aged skin (36, 90) , which limits TH activity and consequent NE synthesis, thereby functionally contributing to impaired sympathetic control of cutaneous vasoconstriction during cold stress (92, 93, 133) . The potential for blunted NE synthesis and subsequent axonal release from sympathetic nerves to contribute to impaired reflex cutaneous vasoconstriction has been extensively examined in a series of studies designed to functionally restore peripheral NE bioavailability to the peripheral vasculature (92, 93, 133) . Local administration of exogenous BH 4 to the cutaneous vasculature via intradermal microdialysis improved reflex vasoconstriction in aged skin to the extent that the decrease in skin blood flow during cooling was not different from that noted in young adults (92, 93) . Additionally, intradermal microdialysis administration of BH 4 in aged skin restored the cutaneous vasoconstrictor response to tyramine, a monoamine that evokes NE release from storage vesicles in postganglionic sympathetic nerve terminals (92, 93) . Furthermore, when the amino acid substrate for TH, L-tyrosine, was locally administered to the cutaneous vascular bed, reflex vasoconstriction was also improved in older adults, but there was no additive effect of combining BH 4 and tyrosine (93) . Collectively, the data from this stepwise series of studies suggest that reductions in NE synthesis, due to decreases in both functional substrate (L-tyrosine) and critical cofactor (BH 4 ) for TH, contribute to attenuated sympathetically mediated cutaneous vasoconstriction.
Recently, a study was performed in which acute oral administration of pharmaceutical BH 4 (sapropterin) restored reflex cutaneous vasoconstriction in older adults (133) . Presumably, this restoration occurred by augmenting NE biosynthesis and storage in the perivascular nerve terminals, thereby allowing for greater NE release during the sympathetic stimulation that accompanies progressive decreases in mean skin temperature. Interestingly, emerging evidence indicates that oral sapropterin may also centrally modulate efferent sympathetic outflow (113) . However, future studies directly investigating the potential for strategies targeted at increasing efferent SSNA to similarly restore reflex cutaneous vasoconstriction in healthy aging are necessary. Nevertheless, the collective evidence suggests that the attenuated cutaneous vasoconstrictor response to cold exposure in older adults is due, at least in part, to a reduced rate of neurotransmitter synthesis and release from sympathetic nerve endings and consequent lower synaptic concentration of NE.
POSTJUNCTIONAL AND VESSEL RESPONSES
Vascular smooth muscle responsiveness. As noted above, sympathetic cotransmitter mechanisms are functionally absent in the cutaneous vasculature of healthy older adults (149) and they instead rely solely on (impaired) noradrenergic mechanisms for vasoconstriction. Consequently, reductions in cutaneous adrenergic sensitivity and altered end-organ responsiveness could conceivably also contribute to the relative inability of the sympathetic nervous system to evoke adequate peripheral vasoconstriction during whole body cooling in older skin. Peripheral cutaneous vascular responsiveness to adrenergic neurotransmitters or nonadrenergic cotransmitters is typically examined by using graded intradermal microdialysis administration of the transmitter of interest (NE, NPY, or ATP) to the cutaneous vasculature at thermoneutrality (skin temperature of ϳ33-34°C). In this experimental approach, upstream alterations in efferent sympathetic outflow and transmitter synthesis/release are bypassed, allowing for the direct assessment of cutaneous vasoconstriction in response to the given pharmacological stimulus.
The generally accepted notion has been that exogenous NE-mediated cutaneous vasoconstriction was blunted in older adults (148) . However, more recent evidence appears to refute these earlier findings, demonstrating instead that the sensitivity to exogenous NE (quantified as the logEC 50 of a NE doseresponse curve) was remarkably similar between young and older adults when assessed in the skin of both the forearm (158) and the lateral calf (59) . Although the reason(s) for the contrasting conclusions between studies are not entirely clear, methodological differences such as study protocol, mathematical modeling, and statistical analyses may have contributed. When the data previously collected in our laboratory (148) were reanalyzed using sigmoidal dose-response curves with variable slope and generated using four-parameter nonlinear regression modeling (59, 60, 156, 158) , no age-related differences in cutaneous vascular responsiveness to exogenous NE were observed (young: Ϫ6.00 Ϯ 0.23 vs. older: Ϫ5.72 Ϯ 0.69%⌬CVC base , P ϭ 0.66), which is consistent with aforementioned more recent findings (59, 158) . Although maximal vasoconstriction in response to exogenous NE, an additional parameter obtained from a statistical analysis of the sigmoidal dose-response curves, was blunted in older adults (59, 148) , this only occurs at supraphysiological doses of NE (e.g., 10 Ϫ2 M) that far exceed those that occur during whole body cooling (53, 149) . Thus altered end-organ responsiveness to adrenergic stimuli likely does not contribute to impaired peripheral cutaneous vasoconstriction during cold exposure in healthy aging.
Although vascular ␣-adrenergic receptor expression is downregulated with aging in rodent models (97) , this has not been tested in the human cutaneous microvasculature. Therefore, because older adults have a functionally absent nonadrenergic contribution (149) , coupled with profoundly attenuated increases in efferent skin sympathetic outflow during cooling (58, 59) , reflex cutaneous vasoconstriction remains impaired, even in the face of preserved cutaneous vascular responsiveness to NE itself. Furthermore, during whole body cooling-a physiological stimulus that evokes endogenous NE release-the slope of the relation between cutaneous sympathetic outflow and skin blood flow was similar between young and older adults (59) (Fig. 5) . These functional data lend further support to the concept that the relative inability of older adults to decrease skin blood flow during whole body cold stress is not a result of a diminished ability of the cutaneous vasculature to respond to an increase in efferent SSNA. Rather, these data suggest that the vascular transduction of SSNA to reductions in skin blood flow during whole body cold stress is preserved in older adults. Taken together, the maintained ability of the aged cutaneous vasculature to respond to a given pharmacological adrenergic stimulus (exogenous NE), as well as to a given physiological increase in SSNA during cooling (albeit in a reduced operating range), suggests that the deficits in reflex cutaneous vasoconstriction characteristic of healthy human aging result from functional impairments within the neural reflex axis and not peripheral vascular sensitivity to adrenergic stimuli.
Relatively little research has been targeted at examining potential age-related alterations in cutaneous vascular sensitivity to NPY and ATP. Exogenous NPY-mediated venoconstriction in the dorsal hand was attenuated in older adults (91) . Although this may influence sympathetic control of the venous circulation with advancing age, a direct role for altered NPY responsiveness in the cutaneous microvasculature of aged adults requires additional research. This has been methodologically challenging because of the large molecular weight and complex protein interactions of the NPY molecule. Similarly, ATP-mediated vasoconstriction in isolated mesenteric arteries was profoundly reduced in old rats (87) . To date, no studies have examined the cutaneous vascular responsiveness to exogenous ATP in aged humans. Paradoxically, ATP, which is coreleased with NE from multiple nerve types in humans and animals (17, 18, 43, 154) , also causes cutaneous vasodilation (44) . Therefore, the vascular effects of ATP are complex, and its precise role in contributing to age-related decrements in cutaneous vasoconstriction during cold exposure has yet to be fully elucidated.
Insights from the skeletal muscle circulation. As noted above, although the precise mechanisms controlling skin sympathetic vascular transduction remain to be fully elucidated, some insights might be gained by examining the molecular mechanisms mediating sympathetic vascular transduction in the skeletal muscle circulation. Spontaneous bursts of MSNA evoke ␣-adrenergic receptor-mediated decreases in vascular conductance in large arteries in young adults, suggesting that increased transmission of NE across the synaptic cleft causes the corresponding vasomotor response (50) . The magnitude of the vasoconstrictor response was graded with the preceding MSNA burst pattern and burst cluster size (50); speculatively, these burst variants may represent the ability of the central nervous system to modulate the rate and amount of NE release (80, 110) as a means to ensure an appropriate vasomotor response. Furthermore, studies have reported a blunted rise in blood pressure after a spontaneous burst of MSNA in older adults (140, 153) , suggesting potential age-related impairments in sympathetic vascular transduction to resistance arterioles. Thus age-related changes in the ability of MSNA to modulate vascular tone may contribute to altered blood pressure regulation during cold stress in older adults (61, 68, 157) ; however, this requires further study to extrapolate these findings to the skin circulation.
Preserved vascular adrenergic sensitivity with healthy aging appears to be limited to the cutaneous vasculature. Previous studies in aged humans report reduced postjunctional adrenergic responsiveness in the skeletal muscle circulation (31, 39, 40, 70) , a vascular bed critical for blood pressure regulation. Perhaps surprisingly, the contribution of sympathetic ␣-adrenergic-mediated vasoconstriction in the forearm was reduced with age (39), despite the progressive age-related increases in basal MSNA (109, 141) . The reduction in vascular adrenergic sensitivity in aging occurs in response to both exogenous administration of NE (70) and to endogenous NE release evoked via tyramine (39) . Interestingly, augmented adrenergic vasoconstriction has been documented to be primarily responsible for decreases in resting leg blood flow in older adults (41) ; however, whether this reflects less of an attenuation in adrenergic sensitivity in the leg muscle vasculature is not completely understood. These age-related reductions in sympathetic vasoconstrictor responsiveness in the skeletal muscle circulation have yet to be examined during whole body cold stress. This is clinically important because such functional alterations may have direct implications for impaired thermalcardiovascular integration in the aged population.
Second-messenger signaling pathways. During cold exposure, multiple parallel second-messenger signaling pathways increase intracellular calcium in smooth muscle cells, subsequently causing vascular smooth muscle contraction. These intracellular signaling pathways thereby mediate cutaneous vasoconstriction during skin cooling, and function separately from, as well as in concert with, the sympathetic control mechanisms that occur primarily via adrenergic receptor activation. The Rho-kinase (ROCK) pathway is a proconstrictor vascular control mechanism that serves as an important alternative mediator of reflex cutaneous vasoconstriction during whole body cooling. ROCK pathways remain functionally intact, and may even be upregulated, in aged skin (94, 147) .
ROCK can be stimulated directly by NE and by mitochondrial-derived superoxide, as occurs during localized skin cooling (2, 7). Once activated, ROCK elicits vascular smooth muscle contraction by two distinct mechanisms: 1) inhibition of myosin light chain phosphatase and maintenance of myosin light chain phosphorylation without additional calcium influx (calcium sensitization) and 2) translocation of ␣ 2c -adrenergic receptors from the Golgi apparatus to the cell membrane (2, 25, 74) . The cutaneous vasoconstrictor response to mild skin cooling was attenuated by the local inhibition of the ROCK signaling pathway; this attenuation was noted in both young and older adults (94) . However, during sustained whole body cold stress (i.e., a decrease in mean skin temperature to 30.5°C), ROCK inhibition blunted vasoconstriction only in There is a significant relation between the change in SSNA (⌬SSNA Total Activity) and cutaneous vascular conductance (⌬CVC) during whole body cooling in both young () and older adults (OE); thus the impaired efferent sympathetic response to cooling observed in aging was linearly related to impairments in reflex cutaneous vasoconstriction. However, the slope of the relation was similar between age groups, suggesting that the relative inability of older adults to decrease skin blood flow during whole body cooling is not a result of diminished sensitivity of the reflex response.
[ Figure adapted with permission from John Wiley and Sons Publishing (59) .]
older adults and had no effect in young adults (94) . ROCK inhibition also blunted pharmacologically induced vasoconstriction (exogenous NE) in aged skin (94) . Collectively, these data suggest that older adults rely to a greater extent on ROCK-dependent signaling pathways to elicit reflex cutaneous vasoconstriction. Interestingly, phenylephrine, an ␣-adrenergic agonist, stimulates superoxide production (79), which subsequently elicits ROCK-mediated vasoconstriction (75) . Thus the globalized age-related increases in oxidant stress may tonically increase ROCK activity and responsiveness to adrenergic receptor activation, thereby contributing to the alteration in vascular signaling pathway function during cooling in older adults; however, this potential requires further study. Despite activation of this additional intracellular signaling pathway during whole body cooling-induced decreases in skin temperature, reflex vasoconstriction remains impaired in older adults, even in the face of greater activation of ROCK-dependent mechanisms during cooling. The human cutaneous circulation also expresses a renin angiotensin system for the production and activation of angiotensin II (134) . Angiotensin II participates in cutaneous vasomotor function via activation of AT1 receptors (139) , which activate downstream intracellular targets, including ROCK (15, 64, 126) . Aging is associated with increased AT1 receptor density (45, 129) and sensitivity (8, 160) , and given the increased reliance on ROCK-dependent mechanisms to elicit reflex vasoconstriction in older adults, age-related alterations in angiotensin II function within the cutaneous vasculature, representing an additional potential mediator of reflex vasoconstriction. A recent study demonstrated that AT1 receptor inhibition attenuated reflex vasoconstriction during whole body cooling in older, but not young, adults (95) . Furthermore, exogenous angiotensin II elicited greater vasoconstriction in older adults, a response that was abolished during ROCK inhibition (95) . Cumulatively, these data suggest that endogenous angiotensin II contributes importantly to reflex cutaneous vasoconstriction via a ROCK-mediated mechanism in healthy older adults, presumably functioning to support the severely compromised adrenergic-mediated vasoconstriction during whole body cooling.
From a thermoregulatory standpoint, increased ROCK-mediated cutaneous vasoconstriction is likely beneficial in mitigating excessive heat loss during cold exposure in older adults. However, it is important to note that this may be occurring at the expense of microvascular function. Indeed, multiple cardiovascular diseases are characterized by increased ROCK activity (12, 38, 99, 119, 122, 126, 131) . Therefore, increased ROCK activation during cold exposure in older adults may signal a pathogenic shift toward preclinical signaling mechanisms indicative of globalized vascular dysfunction.
CONCLUSIONS AND FUTURE DIRECTIONS
A longstanding paradigm has been that aged arterioles in human skin are less capable of constricting during body cooling. Clearly there are subtle changes in the vessels themselves (e.g., alterations in second-messenger signaling, including a greater reliance on ROCK-dependent pathways) that may contribute to this deficit. However, a series of sequential investigations performed over that past decade has shown that the age-related impairment in sympathetic control of reflex cutaneous vasoconstriction can be attributed to decrements in 1) efferent sympathetic outflow directed to the skin, 2) a functional loss of sympathetic cotransmitters, and 3) reduced sympathetic biosynthesis and release of NE, occurring through decreased BH 4 and tyrosine bioavailability. Collectively, these findings suggest that neural deficits, likely arising from altered afferent signaling from cutaneous thermoreceptors or the central processing of converging inputs at the level of the hypothalamus, or both, contribute to altered sympathetic control of the cutaneous microvasculature during whole body cold stress and the resultant reductions in reflex cutaneous vasoconstriction in healthy older adults.
There is little direct physiological evidence of afferent thermoregulatory impairments with aging; however, behavioral thermoregulatory alterations are apparent. For instance, the elderly have a decreased ability to perceive cold, indicative of reduced thermal sensitivity (53, 108, 145) . Consistent with this notion, in older adults, the core temperature threshold at which the thermoregulatory vasoconstrictor response is initiated is reduced (53) . Collectively, an age-related decrease in thermal sensitivity provides indirect support for the concept that the afferent arm of the reflex arc controlling cold-induced vasoconstriction is impaired in human aging. Several factors have been hypothesized to account for age-related changes in thermal sensitivity, including age-related reductions in the density of sensory epidermal nerve fibers (10, 112) , skin vascularity (21) , and transmission properties of the peripheral nervous system (63) . To date, no reports have directly examined agerelated changes in cold-sensitive afferent fibers. Alterations in the skin afferent signals mediating reflex cutaneous vasoconstriction during cold stress are methodologically challenging to precisely quantify in humans, because there are few experimental approaches to reduce, or abolish, sensory feedback. The role of muscle afferent sensory fibers in eliciting the neurocardiovascular responses to exercise have been probed using lumbar intrathecal fentanyl to block the central project of -opioid-receptor sensitive group III/IV fibers during lower limb dynamic exercise (1, 37); however, this highly invasive experimental paradigm has not yet been used to examine thermosensitive afferent fibers.
One recent study tested the contribution of skin thermoreceptors to the cardiovascular adjustments that occur in response to heat stress in humans. This was achieved by comparing the cardiovascular responses to heating of sensate skin in able-bodied adults to heating of insensate skin in the legs of adults with a thoracic spinal cord injury (128) . In this elegant experimental design, the central nervous system in the thoracic spinal cord injury group does not receive afferent input indicative of elevated skin temperatures from the insensate region. Heat stress altered several indices of cardiovascular function in these individuals, suggesting that skin thermoreceptors contribute, as least in part, to the cardiovascular adjustments to thermal challenges (128) . Whether a similar role exists during cold exposure or whether there are alterations in afferent sensory nerve fiber function with healthy aging remains unknown.
The central circuitry responsible for integrating and processing thermal stimuli has been almost exclusively obtained from experiments using rodents (106, 107) . The preoptic area appears critical for the central integration of afferent signals and the generation of efferent command signals that coordinate the Age, Cold, and Skin Blood Flow • Greaney JL et al. peripheral thermoregulatory response (106) . Recently, fMRI studies in humans have reported that body cooling activates the parabrachial nucleus and rostral medullary raphe (100, 125) , supporting involvement of similar central circuitry to the human thermoregulatory system. Potential age-related changes in central brain function during whole body cold stress have not yet been performed.
PERSPECTIVES AND SIGNIFICANCE
Given the significant increase in cardiovascular and thermoregulatory risk during environmental cold exposure in older adults (29, 104, 111, 127, 159) , understanding the mechanisms underlying impaired thermal-cardiovascular integration in this population is clinically important. There are a multitude of clinically significant disease states that increase in severity with aging and likely further influence sympathetic regulation of cutaneous vasoconstriction. Advancing age is the primary risk factor for the development of cardiovascular disease (56); therefore, understanding the neural mechanisms mediating impaired reflex cutaneous vasoconstriction during cold exposure in healthy older adults provides novel insight for elucidating potential alterations in sympathetic neural control of the vasculature in cardiovascular pathophysiology.
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